ABSTRACT LINE-1 elements (L1s) are a family of highly successful retrotransposons comprising »17% of the human genome, the majority of which have inserted through an endonuclease-dependent mechanism termed target-primed reverse transcription. Recent in vitro analyses suggest that in the absence of nonhomologous end joining proteins, L1 elements may utilize an alternative, endonuclease-independent pathway for insertion. However, it remains unknown whether this pathway operates in vivo or in cell lines where all DNA repair mechanisms are functional. Here, we have analyzed the human genome to demonstrate that this alternative pathway for L1 insertion has been active in recent human evolution and characterized 21 loci where L1 elements have integrated without signs of endonuclease-related activity. The structural features of these loci suggest a role for this process in DNA double-strand break repair. We show that endonuclease-independent L1 insertions are structurally distinguishable from classical L1 insertion loci, and that they are associated with inter-chromosomal translocations and deletions of target genomic DNA.
INTRODUCTION
Long interspersed element-1 (LINE-1 or L1) is a ubiquitous retrotransposon family in the human genome, with $520 000 insertions comprising $17% of total genomic sequence (1, 2) . A full-length L1 element is $6-kb long and contains two open reading frames (ORF1 and ORF2) (3) . While ORF1 encodes an RNA-binding protein with nucleic acid chaperone activity (4), ORF2 encodes for endonuclease (EN) and reverse transcriptase (RT) activities (5, 6) , and both ORFs are required for L1 retrotransposition (7, 8) . In addition to insertional mutagenesis (9) (10) (11) , L1 elements have also been associated with exon shuffling, creation of deletions through unequal homologous recombination and intrachromosomal and inter-chromosomal translocation of genomic sequence (12) (13) (14) . As such, the dynamic nature of L1 elements makes them important agents of genomic rearrangement (15, 16) .
The currently accepted model for genomic integration of L1 elements is termed target-site primed reverse transcription (TPRT) (17, 18) (Figure 1 ). During TPRT, the L1 EN cleaves one strand of the target DNA at a motif approaching the consensus 5 0 -TTTT/A-3 0 (where ''/'' denotes the cleavage site), producing a free 3 0 -hydroxyl (5, 19) . Next, the L1 RNA anneals to the nick site using its 3 0 poly (A) tail, and the L1 RT initiates reverse transcription using the L1 RNA as a template. Cleavage of the second DNA strand by the L1 EN usually occurs 7-20 base pairs downstream of the initial nicking site, creating staggered breaks in the target DNA that are later filled in to form direct repeats flanking the newly inserted element (termed target site duplications or TSDs) (20) . Integration of the newly synthesized cDNA and completion of second-strand synthesis are the remaining steps in the TPRT model; however, the order in which they occur and their exact mechanism remain unclear (21) . Apart from the presence of TSDs, other structural hallmarks of TPRT-mediated L1 insertion include frequent 5 0 truncations (or truncation/inversions) and intact 3 0 ends with variable-length A-rich tails (20) .
In recent years, increasing evidence from cell culture retrotransposition assays suggests that in addition to TPRT-mediated insertion, a second, less-characterized L1 integration pathway may exist that is independent of L1-encoded endonuclease (18, 22) . However, with a few isolated exceptions (23) (24) (25) , the majority of endonuclease-independent (EN i ) L1 insertions have been recovered in cell lines lacking one or more components of the cellular non-homologous end joining (NHEJ) mechanism, a principal form of DNA double-strand break (DSB) repair (26) . Consequently, whether EN i L1 insertion occurs at detectable frequencies when normal DNA repair pathways are functional has been the subject of continued debate (3, 22, (27) (28) (29) . Additionally, existing analyses of human genomic L1 elements (20, 30) , by focusing solely on TPRT-mediated insertions, have left this question unanswered in a systematic fashion.
In this study, we have utilized computational analyses of the draft sequence of the human genome to recover L1 elements that utilized this alternative pathway of integration (which we term non-classical L1 insertion or NCLI). We report 21 loci where L1 elements appear to have inserted without any hallmarks of endonuclease activity. In each case, we verified the ancestral (i.e. no L1 insertion) state of the loci by re-sequencing the orthologous positions in the common chimpanzee and rhesus macaque genomes. Overall, our results suggest that NCLI has been active in recent human evolution, and that it provides an alternative 'non-selfish' pathway for L1 integration in the human genome. Interestingly, we find that NCLI loci are clustered in gene-rich regions of the genome, in contrast to the distribution of the more common TPRT-mediated L1 insertions. Based on the unique structural features of NCLI-mediated L1 elements, we suggest that this process may be capable of repairing genomic lesions and that it may confer a slight selective advantage to what may be the otherwise deleterious nature of the L1 family. We conclude that non-LTR retrotransposons may have a previously unrecognized role in maintaining human genomic integrity.
MATERIALS AND METHODS

Computational screening for putative EN i L1 insertions
To identify NCLI loci in the publicly available human genome, we first downloaded the file chromOut.zip from the UCSC Genome Bioinformatics website (http:// hgdownload.cse.ucsc.edu/downloads.html#human). This archive contains output files from the RepeatMasker (RM) software package (http://www.repeatmasker.org/) run at the Às (sensitive) setting on individual human chromosomes. For this project, the archived files corresponded to RM output from the May 2004 freeze of the human genome (hg17). Next, using our own script, we extracted all L1 insertions from each chromosome. To find elements missing the segment of the 3 0 UTR normally used during TPRT-mediated insertion, we developed a set of computer programs that scanned the comprehensive list of L1 elements to find all elements truncated beyond 20 bases from the 3 0 end. We chose the 20 bp truncation limit for two specific reasons. Firstly, from aligning six previously published consensus sequences of relatively young L1 elements, we found the shortest length of the poly(A) tail to be 13 bp. Secondly, we added a 7 bp window to the 13-bp poly(A) tail to account for the possibility of small internal deletions near the 3 0 end of the L1 insertions that would mimic the appearance of a 3 0 -truncated insertion. As RM assigns a size of 6155 bp to full-length L1 elements from subfamilies L1Hs and L1PA2, our initial output files thus contained sets of L1 insertions ending at position 6135 or lower. To verify the effectiveness of this strategy, for each chromosome, we manually inspected sets of 0 -TTTT/A-3 0 consensus (red dotted box) allows L1 mRNA (blue line) to anneal to genomic DNA using its poly(A) tail. RT activity of L1 ORF2 (green oval) synthesizes L1 cDNA (purple line) using L1 mRNA as template and 3 0 OH from nicked genomic DNA as primer. Second-strand cleavage (blue arrowhead) occurs 7-20 bp downstream from first-strand cleavage site, creating staggered nicks which are later filled in to form TSDs (blue dotted boxes). Attachment of the L1 cDNA and synthesis of the second strand complete the insertion process. TSD sequences for this diagram are from a 637-bp human L1 element located at chr1:65036188-65036824. (B) Schematic representation of an NCLI event. Following creation of a genomic double-strand break (red thunderbolt), free-floating L1 mRNA (blue line) attaches to newly separated ends using small stretches of complementary bases. Once gap is bridged, it may be filled in by DNA synthesis by either the L1 RT, cellular repair polymerases or both. L1 insertion thus created lacks structural features of TPRT-mediated insertion.
50 loci on either side of this truncation limit. The sets of L1 elements with 3 0 truncations 520 bp did not return any loci matching all of these three criteria; absence of TSDs of any length, absence of a poly(A) tail and significant deviation from the consensus L1 EN cleavage site. Thus, these L1 elements most likely integrated into the genome through traditional TPRT-mediated insertion. As such, after visual inspection of the computational output, all loci that we selected for further experimental verification came from the set of insertions with 3 0 truncations 20 bp or longer. To further narrow our list to relatively young L1 insertions, we discarded all elements 42% diverged from their respective consensus sequences according to the RM algorithm. We rejected all L1 insertions that had TSDs of any length, even if they bordered a 3 0 truncated element. Our RM output parsing software accounted for L1 elements fragmented by small insertions/deletions and for truncated/inverted L1 insertions, both of which commonly occur during the TPRT process and are sometimes annotated by RM as separate insertions. All the computer programs are available from the authors upon request.
Manual inspection of sequence and verification of ancestral (pre-insertion) status
To confirm the ancestral (i.e. no insertion) stage for computationally recovered NCLI loci, we extracted 10 000 bp of flanking sequence on either side of the L1 element. First, we ran each extracted segment (L1 insertion plus flanking sequence) through RM to verify that the potential NCLI candidates were not fragments of 3 0 intact L1 elements separated by large blocks of intervening non-L1 sequence. We then used the BLAT software package (http://www.genome.ucsc.edu/cgi-bin/ hgBlat) to construct triple alignments of the human, chimpanzee and rhesus macaque genomes at each locus. Next, we manually inspected each alignment to verify that the 5 0 and 3 0 ends of each putative human NCLI event corresponded to either gaps or extra, non-L1 sequence in the ancestral sequence (the presence of non-L1 sequence indicated a deletion in the ancestral genome whose boundaries exactly matched the human L1 insertion). In addition, to further confirm the endonuclease-independent nature of putative NCLI loci, we analyzed them for divergence from the TTTT/A L1-EN cleavage site consensus, based on an earlier analysis of EN site preferences (22) . This left us with a final data set of 21 potential NCLI loci that fit all four of the following criteria: 3 0 truncation, absence of TSDs, absence of a poly(A) tail and significant divergence from the L1-EN consensus.
PCR amplification and DNA sequence analysis of NCLI loci
To experimentally confirm that these 21 loci represented truncated L1 insertions rather than deletions of the 3 0 UTR, we designed oligonucleotide primers in the nonrepetitive sequence flanking the L1 elements and amplified them by PCR on a panel of five primate species (Figure 2 ), including Homo sapiens (HeLa; cell line ATCC CCL-2), Pan troglodytes (common chimpanzee; cell line AG06939B), Gorilla gorilla (Western lowland gorilla; cell line AG05251), Macaca mulatta (Rhesus macaque; cell line NG07098) and Chlorocebus aethiops (Green monkey; cell line ATCC CCL70). PCR amplification of NCLI loci was performed in 25 ml reactions using 10-50 ng genomic DNA, 200 nM of each oligonucleotide primer, 200 mM dNTPs in 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.4) and 2.5 units Taq DNA polymerase. The conditions for the PCR were an initial denaturation step of 948C for 4 min, followed by 32 cycles of 1 min of denaturation at 948C, 1 min of annealing at optimal annealing temperature and 1 min of extension at 728C, followed by a final extension step at 728C for 10 min. For loci with large insertions or deletions (42 kb), we used Ex Taq TM polymerase (TaKaRa) and carried out PCR in 50 ml reactions following the manufacturer's suggested protocol. PCR amplicons were separated on 1% agarose gels, stained with ethidium bromide and visualized using UV fluorescence. Detailed information for each locus including primer sequences, annealing temperature and PCR product sizes is available from the 'Publications' section of the Batzer laboratory website (http:// batzerlab.lsu.edu).
Repetitive DNA may correspond to sites of genome assembly errors; therefore we re-sequenced all loci from the chimpanzee and rhesus macaque genomes to confirm that the computationally recovered pre-insertion sequence was accurate. Individual PCR products were purified from gels using Wizard Õ gel purification kits (Promega). Amplicons 51.3 kb were cloned into vectors using TOPO-TA Cloning Õ kits (Invitrogen) and three colonies were randomly selected and sequenced in both directions using M13 forward and reverse primers to verify that the PCR product matched the computationally recovered sequence. For PCR products larger than 1.3 kb, gelpurified PCR products were sequenced directly using the respective primers to verify that sequence boundaries matched the computational predictions. All sequencing was performed by the chain termination method (31) on an Applied Biosystems ABI3130XL automated DNA sequencer. Analysis of all of the re-sequenced loci showed that the sequences were exact matches to those in the draft genome sequence assemblies.
RESULTS
A whole-genome scan for non-classical L1 insertions
To analyze the human genome sequence for potential NCLI loci, we combined computational and experimental approaches. First, using RM, we computationally extracted young L1 insertions lacking structural hallmarks of TPRT-mediated 'classical' retrotransposition (see 'Materials and Methods' section). Next, we constructed triple alignments of the human, chimpanzee and rhesus macaque genomes at these loci to reconstruct the ancestral (i.e., pre-L1 insertion) state and manually inspected the structure of each locus to detect signs of non-TPRT mediated insertion. Finally, we used PCR and re-sequencing to experimentally verify the sequence architecture for both the post-insertion and pre-insertion states of the loci ( Figure 2 ). Specifically, the loci included in this analysis after experimental confirmation of the computational output possessed all four of the following characteristics: 3 0 truncation beyond 25 bp (i.e., 5 bp more than the minimum truncation level set during computational screening) relative to the L1HS_3 0 end consensus from the RepeatMaskerLib.embl repetitive element library, downloadable from: http://www.girinst. org/repbase/index.html) (32) , absence of TSDs of any length, absence of a poly(A) tail and significant deviation from the consensus L1 EN cleavage site. Structural features of the NCLI loci that were extracted using this approach closely mimic EN i L1 insertions reported in earlier cell-culture analyses (18, 22, 28) , further consolidating our hypothesis that they represent products of a similar insertion mechanism in the human genome. We found a total of 21 NCLI loci in the May 2004 freeze of the human genome (hg17)( Table 1 ), of which we were able to recover the pre-insertion site of seven loci from the chimpanzee genome assembly (panTro2; March 2006 freeze) (33) and 14 loci from the rhesus macaque genome assembly (rheMac2; January 2006 freeze) (34). As we were only interested in NCLI loci for which we could verify the pre-insertion sequence, we discarded all L1 insertions that were shared between these three genomes and thus represented older ancestral L1 elements. The L1 elements at NCLI loci ranged between 34 and 4410 bp in length, with a total of 12 018 bp L1 DNA (along with 1365 bp of non-L1 sequence) being captured between the matching 5 0 and 3 0 ends of the pre-insertion and post-insertion states. In addition, 18 of 21 NCLI loci were associated with deletions of target site DNA, ranging between 5 bp and 14 534 bp and totaling 31 009 bp.
Our estimate of the total number of NCLI events is probably conservative, given that the RM algorithm we used to detect L1 elements, even at its Às (sensitive) setting, is unable to detect insertions smaller than 30 bp. Given that previous cell culture analyses of DSB repair by In the column for 'Lineage', H indicates a NCLI event specific to the human genome, while HC indicates an NCLI event shared between the human and chimpanzee genomes but absent from the rhesus macaque genome.
L1-mediated gene conversion have detected insertion tracts as small as 13 bp (35), it is quite possible that the number of recent human NCLI events is actually higher than our estimate. Further support for the existence of such 'hyphen elements' (24) in the genome comes from ongoing studies in our lab (Sen, S. K. et al., unpublished data), where we find that TPRT can produce severely 5 0 truncated L1 and Alu insertions with a similar minimum size ($28-30 bp). As such, it is possible that additional NCLI loci beyond the 21 analyzed here remain undetected in the human genome.
Alignment of L1 segments involved in NCLI events with the full-length consensus sequence of a humanspecific L1 subfamily (L1Hs) revealed a tendency to cluster in the downstream half of the L1 consensus, with 18 out of 21 NCLI fragments having 5 0 truncations 3000 bp or more in addition to their 3 0 truncations (Figure 3; supplemental alignment 1, online) . Previous analyses show that most TPRT-mediated genomic L1 insertions are severely 5 0 truncated (20) , which may reflect low processivity of the L1 RT or alternatively, host suppression of transcription (36) . The analogous tendency of L1 fragments at NCLI loci to be confined within the downstream half of the element may either be due to the same reasons, or may be moderated by the dynamics of L1 ribonucleoprotein (RNP) positioning at the sites of DSBs (18) .
Random genomic deletions that remove the 3 0 ends of classical TPRT-mediated L1 insertions (including the poly(A) tail and the downstream TSD) could mimic the sequence architecture of NCLI loci (23) . However, by reconstructing the pre-insertion site of all loci (and verifying that the starting point of the 3 0 flanking sequence remained unchanged before and after the L1 insertion), we effectively minimized the chances of including such events in our data, as it is unlikely that random deletions would repeatedly and precisely remove only L1 sequence, leaving the downstream sequence untouched. Also, for the 18 NCLI loci that were associated with target site deletions, this would require two independent, random deletion events to have taken place at exactly the same position in two separate primate species, which would have vanishingly small probability. The 3 0 truncated L1 fragment at locus NCLI 40 was not associated with a deletion of target DNA and was followed by an adenosinerich stretch, making it possible that an internal deletion had removed the 3 0 UTR before the poly(A) tail. However, based on the absence of TSDs, high divergence from the L1-EN consensus and presence of non-L1 DNA at both 5 0 and 3 0 ends, we decided to include it in our analysis.
Analysis of insertion sites reveals divergence from L1-EN consensus
To find additional evidence supporting our hypothesis that NCLI events were created by an endonucleaseindependent mechanism, we inspected all loci for deviations from the 5 0 -TTTT/A-3 0 L1-EN consensus cleavage site. Histograms of divergence scores of NCLI events, compared to two other recent analyses of TPRT-mediated L1 insertions (Figure 4) , revealed a marked shift in the maxima towards an increased number of differences. Statistical comparisons of the amounts of deviation from the consensus revealed a highly significant difference between the cleavage site preferences of NCLI loci versus a larger set of 282 recent TPRT-mediated L1 insertions (22) (unpaired t-test assuming unequal variances; P50.0001) (37), further bolstering our conclusion that breaks in the target DNA at NCLI loci were not products of L1-EN cleavage. Previous in vitro analyses have demonstrated that in addition to 'preferred' motifs for cleavage, a second set of 'atypical' motifs also exists which L1-EN can cleave at lower efficiencies during TPRT (19, 22) . However, none of the 21 loci involved insertions into any of these preferred or atypical motifs, further supporting our hypothesis that the NCLI mechanism is independent of L1-EN activity.
An analysis of nucleotide composition in the 20 kb of genomic sequence flanking NCLI loci showed average AT content to be $ 60% (Table 1) , which fits well with the global distribution of L1 elements in the human genome (1). Interestingly, even within these AT-rich surroundings, the 200 bp immediately surrounding the breakage sites within the ancestral genome (100 bp in either direction) showed a further increase in AT content (average of 63.3%). Given that AT-rich DNA is inherently unstable (38) , this trend may reflect the possibility that such stretches in the local sequence architecture, being prone to mechanical or thermodynamic breakage, provide more frequent substrates for NCLI events than nearby GC-rich segments.
Structural characteristics of NCLI events
Structurally, NCLI loci closely resemble analogous insertions of non-LTR retrotransposons into pre-existing DSBs in cell culture models (22, (39) (40) (41) , which supports our hypothesis that NCLI represents a DSB repair mechanism. Except for occasional 3 0 transductions, which are a byproduct of the TPRT process (14) , classical L1 insertions are rarely associated with insertions of non-L1 DNA. In contrast, 71% of NCLI events (15 out of 21) involved insertions of non-L1 DNA segments of lengths ranging from 4 to 312 bp along with the L1 DNA (we use the term 'extra nucleotides' to denote these segments). Extra nucleotides conjoined to the L1 element were at the 3 0 and 5 0 ends at eight and six NCLI loci, respectively, while at three loci such insertions flanked both sides of the L1 element. Closer examination of the extra nucleotides revealed some interesting clues about the possible mechanisms associated with NCLI events, which we discuss subsequently.
At two loci (NCLI1 and NCLI40), fragments of other cellular RNAs appeared to have been co-opted along with the L1 RNA during reverse transcription by the L1 reverse transcription. While chimeric L1-U6 snRNA insertions similar to NCLI1 have been previously described (42, 43) , an 18-bp fragment of GPD2 mRNA was present at the 5 0 end of NCLI40, providing new evidence that the L1 RT can switch templates between L1 RNA and other cellular RNAs during the retrotransposition process. At one locus (NCLI3), an intact AluY element was present at the 5 0 flank of the L1 insertion. While the AluY element may have been a later, TPRTmediated insertion, the absence of TSDs and high divergence from the L1 EN consensus cleavage site suggest that this locus may also represent capture of a nearby Alu mRNA during NCLI or an instance of in vivo L1-Alu RNA recombination.
At two loci, BLAST searches using the extra nucleotides showed evidence for NCLI-mediated inter-chromosomal translocations. At NCLI65 (located on chr. 22), 267 of the 312 extra nucleotides at the 5 0 flank of the L1 shared significant similarity with a 266-bp stretch on chr. 8 (94% identity; E ¼ 2e À95 ). At the second locus (NCLI40, located on chr. 6), 24 out of 66 extra nucleotides at the 3 0 end had a near-perfect match on chr. 2 (95% identity; E ¼ 0.059). At a third locus (NCLI34), 11 of 21 extra nucleotides perfectly matched a segment of the AluJ consensus sequence. As this Alu subfamily has long been inactive in terms of retrotransposition, this may represent the use of an ancient insertion located elsewhere for SDSAmediated DSB repair (44, 45) ; alternatively, the homology could be purely due to chance. At locus NCLI48 (which was associated with a 5928-bp deletion in the ancestral genome), we found additional evidence for the SDSA repair pathway being a component of NCLI. Here, 98 bp extra nucleotide sequence at the 5 0 end of the human L1 insertion had a highly significant match (96% identity; E ¼ 4e
À39
) to a segment of equal length within the ancestral deletion referred to above. A viable mechanism explaining this structure involves local melting of the double helix within the segment deleted during the NCLI event to provide a transient single-stranded template for repair of the genomic lesion, conforming to the SDSA models described in the earlier studies referred to above. Extra nucleotide stretches at 12 of the 42 junctions (i.e. at either side of the 21 L1 fragments) either did not have statistically significant BLAST matches in the human genome, or were too small (515 bp) to draw any definite conclusions. Two junctions (5 0 end of NCLI33 and 3 0 end of NCLI61) contained 122 bp and 303 bp insertions of AT-rich simple repeats, respectively, suggesting that the NCLI process may also contribute to the creation of new microsatellite loci in the human genome, in a manner similar to TPRT-mediated L1 insertion (46) .
In contrast to previous computational analyses that estimate 19-25% of TPRT-mediated L1 insertions in the human genome to be 5 0 -truncated/inverted (20, 47) , only two of the 21 NCLI loci in our analysis showed internal rearrangements within the L1 segment. Interestingly, previous analyses of endonuclease-independent L1 insertions have not recovered any truncated/inverted structures as well (22) . In view of these results, we suggest that linearly structured segments in the free-floating L1 mRNA are preferentially captured at the sites of DSBs. Strong support for this hypothesis comes from a previous analysis of ÈK174 DNA fragments transfected into enzymatically created DSBs in a thymidine kinase-deficient mouse cell line, where linear fragments were captured 9X more efficiently than supercoiled segments (39) . Of the two NCLI loci that showed evidence for rearrangement within the L1, NCLI38 was a simple truncation/inversion structure most likely formed by twin priming (47) . Locus NCLI34, where three consecutive L1 fragments formed a complex structure was more difficult to explain. However, the best BLAST match to the 377 bp highly diverged middle segment (98% identity; E ¼ 0.0) was located downstream on the same chromosome. Thus, our model for this locus suggests an initial truncated/inverted NCLI event followed by a subsequent intra-chromosomal gene conversion which inserted the middle segment. Similar internal rearrangements in L1Hs elements have been documented by a previous analysis (48) .
The total amount of deleted sequence between the pre-insertion and post-insertion states of the 21 NCLI events was 31 009 bp, more than twice the 13 383 bp of combined L1 and non-L1 sequence inserted at the same loci. Of the deleted sequence, almost 50% (14 534 bp) was associated with a single locus (NCLI61). For this locus, as for all others, we confirmed by both PCR and re-sequencing that the computationally detected deletion was authentic and matched the draft genome sequence.
Microhomology between ends of L1 inserts and flanking host DNA Recent evidence suggests that microhomology between the L1 mRNA and single-stranded overhangs in the genomic DNA flanking the L1-EN cleavage site mediates 5 0 -end attachment during conventional TPRT, while the 3 0 end of the mRNA anneals to the nicked DNA through its poly(A) tail (21, 30) . It is possible that a similar mechanism is used for attachment of the L1 RNA to the target DNA during the NCLI process as well. However, to support this assumption for NCLI loci, increased levels of microhomology would have to be present independently at the 5 0 and 3 0 ends of the L1 insertion rather than at the 5 0 end alone. To detect such stretches of higher-than-random complementarity at the ends of a NCLI locus, wherever an exact junction was present between the L1 element and flanking pre-insertion host sequences, we located (i) the 5 0 and 3 0 extremities of the L1 insertion with respect to the L1Hs consensus sequence and; (ii) the starting points of 5 0 and 3 0 -end flanking sequence (which we identified by aligning the pre-insertion and post-insertion states of the loci) ( Figure 5A ). Next, we isolated 6-bp stretches of sequence extending outwards from these points (i.e upstream of the 5 0 end and downstream of the 3 0 end) in both the L1Hs consensus and flanking sequence and aligned them to count the number of complementary bases (at loci where non-L1 DNA was present at one end of the L1 insertion, we only analyzed the other end).
Given that microhomology-mediated single-strand annealing can resolve DSBs when the extent of complementarity is limited to even one match (49), the high numbers of complementary bases at the L1-genomic DNA junctions (particularly at the first two positions) noticed separately at both the 5 0 and 3 0 ends of NCLI loci ( Figure 5B ) strongly suggest that a similar mechanism is indeed likely to facilitate L1 mRNA binding during NCLI, and further consolidates our hypothesis that NCLI acts as a DSB repair mechanism.
Genomic environment of NCLI events
To characterize the genomic context in which NCLI events occur, we scanned 2 Mb of sequence upstream and downstream of each locus for the presence of known or predicted human genes using NCBI MapViewer (http:// www.ncbi.nlm.nih.gov/mapview/static/MVstart.html). Surprisingly, compared to the vast majority of L1s in the human genome which are located in gene-poor regions (1, 20) , NCLI events were concentrated in areas of relatively high gene density (one gene/83 kb), compared to both the global gene density in the human genome (one gene/150 kb) (50) and the average gene density in the vicinity of TPRT-mediated L1 insertions associated with human genomic deletions (one gene/200 kb) (10) . In addition, 33% of NCLI loci (7 out of 21) were situated within the introns of known genes (Table 1) , twice the figure of 13-17% for TPRT-mediated L1 insertions (20) . Interestingly, when we analyzed the genomic sequences corresponding to the 19 NCLI-mediated deletions in the ancestral (i.e. chimpanzee or rhesus) genomes, we found that at one locus (NCLI61), a model rhesus gene (LOC721417) from the olfactory receptor family had been deleted during the L1 insertion process. Although the olfactory receptor gene family is one of the largest in primate genomes with $1000 members (51) and the deletion of a single gene is unlikely to create a significant difference in phenotype, this event further underscores the tendency of NCLI loci to be concentrated in gene-rich areas of the genome.
DISCUSSION
An alternative pathway for non-LTR retrotransposition in the human genome
In this analysis, we address one of the remaining questions in L1 element biology: does an alternative pathway exist for L1 retrotransposition in the human genome? (3, 52) All through the late 1980s until the introduction in 1993 of the TPRT model for insertion of the R2Bm non-LTR retrotransposon in Bombyx mori (17) , it was thought that L1 propagation occurred mainly through fortuitous insertion into DSBs (53, 54) . Subsequent research established beyond reasonable doubt that the L1 elements use a TPRT-like process as their predominant insertional mechanism (5, 18, 19) and the focus of L1 element biology has since shifted to resolving the unanswered questions of the TPRT model (21, 55) . Interestingly though, the hypothesis that an alternative, EN i mechanism acts concurrently with TPRT in the human genome, though often speculated upon (18, 22) , has never been fully investigated. Existing whole-genome analyses of L1 activity have focused solely on TPRT-mediated insertions, and while EN i L1 retrotransposition has earlier been detected in cell lines deficient for DNA repair proteins (22) , the authors of these studies suggest that, in vivo (i.e. when cellular DNA repair mechanisms function normally), such insertions may not be present at detectable frequencies. Thus, the NCLI loci detected in our study represent the first whole-genome analysis of EN i L1 insertions in a phenotypically normal genetic background that is also subject to selection (i.e. an extant genome). Additionally, we find that the structures of NCLI events recovered in vivo closely mirror those previously found in vitro, reaffirming the validity of cell culture retrotransposition assays as surrogate models for analyzing retrotransposon biology and determining the impact that these elements have on the genome.
While it remains possible that further NCLI exist in the human genome that cannot be detected using our computational strategy, TPRT-mediated insertions will regardless be several orders of magnitude more frequent.
This disparity in scale can be explained by the fundamentally different natures of the TPRT and NCLI mechanisms. From the retrotransposon point of view, TPRT is an 'independent' process, as L1 elements encode both the endonuclease and RT activities required for selfpropagation through this mechanism. As such, TPRT-mediated insertion does not have to depend on pre-existing DSBs to provide integration sites. However, in contrast to the independent and organized nature of TPRT, structural features of NCLI loci suggest that it is a more random process, depending entirely on the presence of pre-existing DSBs to provide integration sites. Additionally, while only $2% of human-specific TPRT-mediated L1 insertions create deletions of target genomic DNA (10), the fact that 86% of NCLI loci (18 out of 21) are associated with genomic deletions would render it a rather inefficient mechanism, had L1 insertion been its sole function. Thus, it is possible that both these processes have co-existed over long periods of time, and while TPRT has doubtless been the primary mode of insertion, certain beneficial features of NCLI have probably contributed to its persistence despite the relative paucity of these events. The observation that at least seven NCLI events are restricted to the human lineage and absent from the chimpanzee and rhesus macaque genomes suggests that this process has been active in recent human genome evolution subsequent to the divergence of human and non-human primates.
Mechanistic aspects of NCLI suggest a role in DNA repair
The NCLI loci we analyzed may have been produced by three separate mechanisms: (i) capture of nearby L1 mRNAs at the site of DSBs and subsequent reverse transcription ( Figure 1B) ; (ii) SDSA-mediated DSB repair in which the free-floating ends of a DSB transiently invade locally melted regions of neighboring double-stranded DNA to provide templates for transcription (44, 45) and; (iii) conventional double-strand break-induced recombination (DSBR) (56) . Since only three out of 21 NCLI loci (NCLI11, NCLI23 and NCLI51) involve insertions into pre-existing L1 elements, it is unlikely that conventional DSBR is a mechanism for NCLI, since the presence of sequence homology between the recombining strands is a prerequisite for this model. Of the other two pathways, while theoretically possible, we believe that SDSA is not a preferred mechanism for NCLI. Firstly, the SDSA pathway is highly efficient at minimizing loss of genomic DNA during the patching of DSBs (57) , which contrasts with the $31 kb of genomic deletion detected at the NCLI loci in our analysis. Secondly, although L1 family insertions comprise $17% of the genome (1), subfamilies which have been active in recent human genome evolution comprise only a small fraction of this figure, while the vast majority of insertions belong to older, extinct subfamilies and have accumulated large numbers of mutations relative to the original consensus sequence (58) (59) (60) . In this scenario, it is unlikely that the much smaller fraction of recent L1 insertions would be preferentially chosen as templates for SDSA-mediated repair at the 21 NCLI loci in our analysis, which invariably involve relatively young L1 elements with few internal mutations (i.e. 52% divergent by the RM algorithm; see 'Materials and Methods' section). However, at two loci (NCLI34 and NCLI48), we did find some evidence that SDSA may play a minor accessory role in the NCLI mechanism (see 'Results' section).
Consequently, our preferred model for NCLI is that L1 mRNAs occasionally act as genomic Band-Aids Õ by bridging pre-existing DSBs in the genome. Given that unrepaired DSBs are among the most lethal forms of DNA damage (26, 61) , it is not surprising that mammalian cells have evolved highly efficient repair pathways capable of patching DSBs with almost any DNA molecule available in the vicinity (39) . Indeed, capture of mobile DNA (including DNA transposons and both LTR and non-LTR retrotransposons) at the site of genomic DNA lesions seems to be a recurring theme in eukaryotic cells (22, (39) (40) (41) 62) . In addition, the exceptionally high levels of complementary bases at the L1-host DNA junctions at NCLI loci support our hypothesis of microhomologymediated L1 mRNA capture between pre-existing DSB ends. A recent analysis shows that the L1-EN creates many more genomic DSBs than is required for its own retrotransposition (63) , raising an interesting question: are some of these newly created breaks promptly filled in by NCLI? While we consider this to be a possibility, the NCLI loci analyzed in our study all show significant deviations from the L1-EN site, making it unlikely that any of them represent such an occurrence. However, NCLI could be considered a genomic 'payoff', through which L1 elements partially compensate for the excess of DSBs that they create. Additional studies of other nonautonomous L1-dependent retrotransposons such as Alu and SVA elements will provide further insight into the role these elements may play in NCLI.
Previous analyses have shown that cellular DNA repair proteins used in the NHEJ pathway mobilize to the sites of DSBs and compete with the DSBR repair machinery where both systems are available (64) (65) (66) . Given that both NCLI and NHEJ are error-prone repair pathways associated with loss of genomic sequence, we consider it quite probable that the NHEJ machinery is co-opted at NCLI loci. Significantly, NHEJ proteins have previously been shown to co-fractionate with non-LTR retrotransposon cDNA intermediates, further supporting the hypothesis that they are involved in the genomic integration of mobile DNA (67, 68) .
CONCLUSION
In this study, we have demonstrated that NCLI has provided an alternative, endonuclease-independent pathway for L1 integration during human genome evolution, and highlighted its structural differences as compared to the more common and well-characterized TPRT-mediated mode of L1 insertion in the human genome. Based on the sequence architecture of NCLI loci, we propose that this mechanism has been a fortuitous mode for repair of genomic lesions. The distinct nature of the TPRT and NCLI processes suggests that they may have different genomic implications. TPRT-mediated L1 insertions in the human genome, apart from creating large numbers of DSBs, are associated with disruption of functional genes and may be prone to post-insertion ectopic recombination. On the contrary, both the genomic NCLI loci we have detected and similar insertions in previous cellculture analyses show definite signs of being variants of DSB repair, and seven of the loci we have detected are located within protein-coding genes, breakage within which would otherwise have had direct consequences on the phenotype. Thus, it is interesting to speculate that this 'non-selfish' role of NCLI-mediated insertions in maintaining genomic integrity may result in a qualitative difference in the selective regimes acting on the TPRT and NCLI processes (69) . Seven of the NCLI events we have recovered are specific to the human lineage. Assuming the total number of human lineage-specific L1 insertions to be $1300-1800 (10,70), NCLI thus occurs at the relatively low frequency of 0.5% in the human genome. However, extrapolating these numbers to the larger timescale of the primate radiation, the $520 000 L1 elements in primate genomes may thus include $2000-2800 NCLI events, making this process a significant factor in shaping the architecture of the genome. In our opinion, the finding that both L1 and Alu elements in the human genome are capable of acting as in vivo molecular Band-Aids Õ is significant, as it opens the possibility that active non-LTR retrotransposon families in primate genomes may have a role in maintaining genomic integrity that awaits further characterization.
